The objective of this research is to develop a dual growth factor-releasing nanoparticle-in-nanofiber system for wound healing applications. In order to mimic and promote the natural healing procedure, chitosan and poly(ethylene oxide) were electrospun into nanofibrous meshes as mimics of extracellular matrix. Vascular endothelial growth factor (VEGF) was loaded within nanofibers to promote angiogenesis in the short term. In addition, platelet-derived growth factor-BB (PDGF-BB) encapsulated poly(lactic-coglycolic acid) nanoparticles were embedded inside nanofibers to generate a sustained release of PDGF-BB for accelerated tissue regeneration and remodeling. In vitro studies revealed that our nanofibrous composites delivered VEGF quickly and PDGF-BB in a relayed manner, supported fibroblast growth and exhibited anti-bacterial activities. A preliminary in vivo study performed on normal full thickness rat skin wound models demonstrated that nanofiber/nanoparticle scaffolds significantly accelerated the wound healing process by promoting angiogenesis, increasing re-epithelialization and controlling granulation tissue formation. For later stages of healing, evidence also showed quicker collagen deposition and earlier remodeling of the injured site to achieve a faster full regeneration of skin compared to the commercial Hydrofera Blue Ò wound dressing. These results suggest that our nanoparticle-in-nanofiber system could provide a promising treatment for normal and chronic wound healing.
Introduction
Wound healing is a dynamic, complex, multicellular process involving extracellular matrix (ECM), cytokines, blood cells and many other factors [1] . Due to the pathological and physiological complexity of the wound healing process, perfect tissue regeneration is difficult to achieve [2] . This is especially true for chronic wounds, which affect millions of patients and have the associated cost of $US$20 billion annually in the USA; hence progress of new treatment strategies or methodologies is greatly needed [3] . Traditional wound dressing normally acts as a temporary barrier for hemostasis and infection prevention purposes [4] . In recent decades, natural and synthetic skin grafts have been developed for replacement applications. However, most of them are expensive, require extensive care and do not regain full skin functionalities [5] . Hydrogel is another candidate for the wound treatment with benefits of maintaining moisture at the wound site and capability of drug delivery [6] . However, most hydrogels are non-degradable and difficult to use for large wounds [7] . To date, current treatment methods failed to achieve satisfaction of regaining barrier functionality and the cosmetic appearance of natural skin [8] .
Using growth factors and their combinations in vivo has been suggested as a promising treatment to promote active healing [9, 10] . However, until now, only platelet-derived growth factor-BB (PDGF-BB) has successfully completed clinical trials [11] . One of the major obstacles is that growth factors are either easily degraded by proteinases [12] or removed by exudate before reaching the wound bed [13] . Recent effort has been made on delivering growth factors via electrospun fibers for diabetic wound healing applications [14] [15] [16] . Compared to other wound dressing formations, electrospun nanofibers provide an ECM-like scaffold to support skin regeneration [17, 18] . However, without a fundamental understanding of the biological process and better administration techniques to release biological molecules at essential points of the healing process, optimal wound healing having a fast and finely orchestrated nature still remains a challenge [19, 20] .
Normally, skin wound healing shows three overlapping phases: initial inflammation, tissue regeneration to fill the wound bed and tissue remodeling to regain skin functionalities. Recent developments discovered that during each phase of the dynamic process, many cytokines and growth factors are critical to modulate various cellular processes, including hemostasis, cell migration, differentiation, ECM formation, angiogenesis, and so on [1, 2] . Some of the most important factors, like epidermal growth factors (EGFs), platelet-derived growth factor (PDGF), transforming growth factor (TGF-b), vascular endothelial growth factor (VEGF) and fibroblast growth factor (FGF-2), present at different healing stages with certain functionalities [21] . For example, VEGF is a key mediator for angiogenesis and granulation tissue formation in the early stage of healing [21, 22] . On the other hand, PDGF is crucial for inflammation, granulation, re-epithelialization and remodeling throughout the three phases of wound healing [1, 21] .
In this study, we intended to create a biomimetic system that could serve as scaffold to support wound healing while releasing VEGF and PDGF-BB in a relayed manner to simulate the angiogenesis and cell proliferation at various phases, thereby facilitating the wound healing process. The optimal goal will be creating an integration of biochemical stimulation, cell growth support and bacteria inhibition that promotes favorable cell behaviors in skin wounds. Electrospinning is used to fabricate nanofiber composites containing chitosan, poly(ethylene oxide), VEGF and nanoparticles, which are loaded with PDGF-BB. Unlike existing research that uses either electrospun fibers with antibacterial nanoparticles [23] or antibiotics [24, 25] , the anti-infection issue is addressed on the fiber itself in this work. It is well-known that chitosan is an antibacterial polymer [26] . We hypothesize that introducing VEGF in the early stage could promote new blood vessel formation and sequentially bring more nutrition and oxygen to the wound site, and providing PDGF-BB throughout the whole process will facilitate the wound healing. Thus, a relatively fast release is required for VEGF, which will be released from electrospun fibers; and a sustained release is critical for PDGF-BB, which will be released from polymeric nanoparticles within the fibers. Our unique device could provide a structural mimic of ECM and anti-infection behavior, and supply specific growth factors when they are necessary to synergistically improve the complex wound healing treatment.
Materials and methods

Materials
Chitosan (CS, medium molecular weight, 75-85% deacetylated), poly(ethylene oxide) (PEO, Mn: 600,000 Dalton), acetic acid, chloroform and other chemicals were purchased from Sigma Aldrich (St Louis, MO). Poly-lactic-co-glycolic acid (PLGA) (50:50) was purchased from Lakeshore Biomaterials (Birmingham, AL). PDGF-BB and vascular endothelial growth factor (VEGF) were purchased from Prospec (East Brunswick, NJ). Adult human dermal fibroblast (HDF) cells were purchased from ATCC (Manassas, VA). Gram-negative Escherichia coli (E. coli 25922) and gram-positive Staphylococcus aureus (S. aureus 25923) were also obtained from ATCC. All other chemicals if not specified were purchased from Sigma Aldrich (St Louis, MO).
Fabrication of PLGA nanoparticles
PLGA nanoparticles fabrication was carried out using the double-emulsion technique as previously described [27] . Briefly, 200 ll 2% w/v PDGF-BB solution was added to 3.33 ml 3% w/v PLGA solution and sonicated at 30 W for 2 min. This o/w solution was then added dropwise to 12 ml 2% PVA solution and sonicated at 20 W for 2 min. Final w/o/w solution was de-solvated overnight using a magnetic stirrer. Centrifugation was then performed for 4,000 rpm for 5 min to get rid of particle aggregates. The PDGF-BB loaded PLGA nanoparticles were washed and collected using ultracentrifugation, and then further obtained via freeze-drying. In addition, the supernatant from the nanoparticle formation process was also collected to determine the loading efficiency as previously reported [27] .
Fabrication nanofibers via electrospinning
The CS stock solution was prepared at a concentration of 2.5% w/v CS in 90% acetic acid. PEO solution at 8% w/v was prepared in DI water at room temperature. Two CS/PEO blend solutions were prepared by mixing the two stock solutions at 1:1 and 2:1 chitosan to PEO volume ratios (in this study, nanofibers without nanoparticles/growth factors were named as 1:1 CS/PEO and 2:1 CS/PEO). In another experiment, 20 wt.% of PLGA nanoparticles to PEO weight was sonicated into the mixture CS/PEO solution for 10-15 min at 20 W for complete dispersion of the nanoparticles (nanofibers with nanoparticles loaded with VEGF and PDGF-BB were named as 2:1 CS/PEO-NPs).
For electrospinning, the blended solutions were loaded into 5 ml syringe and fitted with an 18-gauge blunt needle tip. The solution feed was driven using a syringe pump at a flow rate of 1.5 ll min
À1
, and a 15 cm distance and DC voltage of 18 kV were applied between the collector (aluminum mesh) and needle. All experiments were carried out at ambient temperature and relative humidity of 15-20%.
Characterization of fiber meshes
The surface morphology of the electrospun nanofiber mesh was characterized using a scanning electron microscope (SEM; Hitachi, S-3000N). All samples were first sputter-coated by silver. Fiber diameters were also determined using Image-J software. For each mesh, 100 fibers were considered from three different images to calculate the average diameter. To visualize the nanoparticles within the nanofibers, indocyanine green (ICG) loaded PLGA nanoparticles were prepared and electrospun. Fluorescent images were taken using fluorescent microscopy with a TRITC filter.
In vitro growth factor release from electrospun fiber meshes
To assess the growth factor release kinetics, VEGF was loaded in CS/PEO nanofibers, while PDGF-BB was encapsulated in the PLGA nanoparticle that embedded in the scaffolds. The scaffolds weighing 10.0-11.0 mg were loaded into 100 kDa dialysis membranes and placed in the 0.1 M PBS solution with pH 7.4. Samples were then placed on an orbital shaker at 37°C. At predetermined time points, 1 ml of PBS solution was collected, stored at À20°C for later analysis, and replenished with 1 ml fresh PBS. The release profiles of VEGF and PDGF-BB were analyzed using ELISA following the manufacturer's instructions (Invitrogen, Carlsbad, CA). Loading efficiency of VEGF was determined by dissolving the nanofibers in PBS and following with ELISA. Loading efficiency of PDGF-BB was determined indirectly by measuring the PDGF-BB concentration in washing solutions collected in the nanoparticle formation process by ELISA. Cumulative release over a period of 3 days was performed on all samples.
In vitro cell proliferation
Adult human dermal fibroblasts (HDFs) (passage numbers up to 10) were cultured in complete Dulbecco's modified Eagle's medium (DMEM) with supplements of 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin. Cells were sub-cultured until $80% confluency and maintained at a humidified atmosphere of 95% air and 5% CO 2 . For in vitro cell proliferation on nanofiber meshes, scaffold samples (3 mm diameter) were vacuum dried overnight and then UV-sterilized for 1 h. Samples were then placed in a 96-well plate and seeded with 5000 cells per well. Tissue culture plate (TCP) was used as control. MTS assays were performed at time points of 1, 3, 5 and 7 days following the manufacturer's instructions. PDGF-BB PBS solution (free PDGF-BB) was also used as a positive control. At each time point, 5 ng ml À1 PDGF-BB was added into each well of TCP. Cell proliferation was plotted over time by percentage over the TCP control at each time point, which is normalized into 100% to observe the effects of growth factors on cell growth.
Antibacterial assessment of nanofiber meshes
To assess the antibacterial activity of the nanofibrous samples, three types of nanofiber scaffolds, including 1:1 CS/PEO, 2:1 CS/ PEO and 2:1 CS/PEO-NPs, were used. All scaffold samples were vacuum-dried and UV sterilized, and $20 mg of each scaffold type were used. E. coli and S. aureus were reconstituted based on product instruction for this study. Briefly, 1 ml of broth was added to rehydrate the bacterium pellet, and then a few drops of the suspension was mixed with 10 ml broth and incubated on an orbital shaker at 37°C overnight. Bacteria suspension and PEO nanofibers without chitosan were chosen as the negative controls. Penicillinstreptomycin (Penstrep) was chosen as the positive control. For each sample, bacterial suspension was prepared at an optical density (OD) of 0.011 at 600 nm (measured by a UV-vis spectrophotometer, diluted 50 times from the suspension that has an OD corresponding to McFarland Standard Solution #1, $5 Â 10 6 CFU ml À1 ), added to the sample and incubated at 37°C. After incubation, absorbance at 600 nm of each sample was read at predetermined time points. Averages of background samples (broth without bacteria) were subtracted from bacterial samples and plotted over a time course. All operations were performed under aseptic conditions.
In vivo wound healing studies
Sprague-Dawley rats weighing $250 g were used for in vivo full thickness skin wound healing studies. All animals were treated and used according to the protocol approved by the University of Texas at Arlington Animal Care and Use Committee (IACUC). Animals were anesthetized with ketamine (40 mg kg À1 ) and xylazine (5 mg kg À1 ), and then shaved on the back. A 5 mm diameter biopsy puncher was used to create a wound along the dorsal side of the skin. Four wounds were created on each rat (six rats were used for each time point), and then controls (open wound and Hydrofera Blue Ò ) and samples of nanofiber meshes (2:1 CS/PEO) without growth factors and nanofiber meshes with nanoparticles and growth factors (2:1 CS/PEO-NPs) were placed on the wound site randomly. Changes in the wound areas were measured using a caliper at 1, 7, 14 and 28 days after initial wounding. At each time point, animals were euthanized by exposure to 100% CO 2 , then the surrounding skin and muscle including wound areas were removed and fixed by 10% neutral buffed formalin. Tissue samples were embedded in paraffin and sectioned. Hematoxylin and eosin (H&E) and Masson's Trichrome staining were performed to evaluate the skin tissue sections. Physical measurements of surface epidermal tongue and granulation tissue thickness of the H&E images were made using Image-J (NIH). Collagen quantification was carried out by measuring the blue area percentage of the wound area (Masson's Trichrome staining) by using MATLAB (MathWorks).
Statistical analysis
All data are presented as the mean + standard deviation (SD). Statistical analysis of all data was performed using 1-way ANOVA (StatView) whereas p values < 0.05 were considered statistically significant (n = 6).
Results and discussion
As a structural mimic of ECM, electrospun nanofibers have been recently studied for tissue engineering applications [17, 28] . Recently, using electrospun fibers to deliver growth factors gained more research interest, since growth factor releasing scaffolds are able to promote cellular and biological activities, thereby facilitating wound healing and tissue regeneration [29, 30] . In this study, a nanoparticle/nanofiber complex was prepared to deliver two growth factors with different releasing manners. The system was designed to simulate and accelerate the wound healing process, instead of just as a slow release system as developed earlier [31, 32] . As illustrated in Fig. 1 , PDGF-BB was encapsulated within PLGA nanoparticles (153 ± 36 nm in average diameters determined by dynamic light scattering), and then dispersed in chitosan/PEO nanofibers to achieve a sustained release. In the same setting, VEGF was loaded into the nanofibers to provide a rapid release of VEGF in order to promote angiogenesis in early stages of the healing process. This nanocomposite system was further investigated in vitro and in vivo for its potential use in wound healing applications, and the results will be discussed in detail in the next sections.
Morphology of the nanoparticle loaded nanofibers
Scanning electron microscope images ( Fig. 2A and B ) of electrospun CS/PEO-NPs scaffolds show smooth, uniform and bead-less fibrous nonwoven structure. 1:1 CS/PEO had a smaller average fiber diameter of 116 ± 39 nm while 2:1 CS/PEO has an average nanofiber diameter of 132 + 39 nm. The fiber diameter increased with increasing chitosan concentration, since polymer concentration is the dominant factor for electrospun fiber diameters [33] . On the other hand, fiber diameter distribution (Fig. 2D) indicates that 2:1 CS/PEO-NPs has a wide non-uniform diameter range compared to a more uniform fiber formation of 1:1 CS/PEO-NPs with most frequent diameters within 130-150 nm, suggesting that the more chitosan content, the less uniform the fiber formation when NPs are incorporated. In order to visualize the nanoparticles within fibers, PLGA nanoparticles were loaded with indocyanine green (ICG) and imaged by a fluorescent microscopy. As shown in Fig. 2C , we can see that nanoparticles were located within fibers and uniformly distributed. The morphology is similar to the result Fig. 1 . Schematic illustration of the nanoparticle embedded electrospun nanofibers loaded with two growth factors for the wound healing. By applying these nanofiber/ nanoparticle complexes on skin wound site, the chitosan/PEO nanofibers will act as a scaffold to support tissue regeneration, while fast releasing VEGF and slow releasing PDGF-BB will be the therapeutic agents that come into play at different healing stages.
of previous efforts that developed inorganic nanoparticle loaded electrospun fibers [34] ; even our particles distinguished themselves by biodegradable polymer composition.
Controlled releasing profile
Using gradually releasing growth factors as a ''cocktail'' treatment has been suggested as an effective approach for complex wound healing [8] . Previous effort was based on layer-by-layer assembly [35, 36] and core-shell electrospinning [37] to achieve two drugs releasing in different manners. However, the diffusion between layers still remains a critical problem [38] . Therefore, our nanoparticle-in-fiber system could serve as an alternative strategy and be able to endow a ''fast and slow'' biphasic release for two different growth factors.
To determine the controlled growth factor release profile from our fibrous mesh, ELISA was performed. VEGF releases from CS/ PEO nanofibers and PDGF-BB releases from nanoparticles embedded within nanofibers were measured and displayed in Fig. 3 . VEGF released from nanofibers quickly showed that CS/PEO scaffold consisted of an initial burst release of 63% within 1 h. Also, the VEGF loaded within fibers of the CS/PEO scaffold reached almost 100% releases by day 1. In contrast, PDGF-BB released from PLGA Tissue culture plate and free PDGF-BB were served as negative and positive controls, respectively. Nanofiber meshes and controls were seeded with adult human dermal fibroblast (HDFs) and MTS assay was used to quantify the cell viability ( ⁄ p < 0.01). nanoparticles within a CS/PEO-NPs scaffold showed a small initial burst release of 28% at 2 h. In addition, PDGF-BB release from PLGA nanoparticles in fibrous meshes exhibited a sustained release pattern after that (40% at day 7). It is clear that a significant difference can be observed for VEGF release from the nanofiber itself vs. PDGF-BB from nanoparticles within nanofibers (Fig. 3) .
For wound healing applications, we assume that VEGF could promote angiogenesis at the wound site at early times, thus a fast release of VEGF is desired. We loaded the first growth factor, VEGF, within nanofibers to achieve a fast release. On the other hand, the second growth factor, PDGF-BB, was encapsulated in PLGA nanoparticles to achieve a relatively slower release profile in order to promote fibroblast growth in a sustained manner. This interesting profile from our unique device can help control different growth factor releases and further achieve better wound healing performance.
In vitro cell proliferation
To determine the cell viability and growth on our fibrous scaffolds, human dermal fibroblasts were seeded onto the meshes and MTS assays were used (Fig. 4) . For all days studied, PEO/CS scaffolds were cytocompatible, and more cell growth was observed compared to the control without the scaffold. Cell proliferation was significantly increased in samples of days 5 and 7 on all scaffold types compared to the control. An 116.9 ± 2.9% growth was observed on 1:1 CS/PEO on day 5, which is similar to the 115.2 ± 2.8% growth observed on the 2:1 CS/PEO scaffold. Day 7 showed no significant difference between these two samples (as the 1:1 CS/PEO scaffold's 132.6 ± 1.8% compared to the 132.5 ± 2.9% proliferation on 2:1 CS/PEO scaffold). This result suggested that chitosan content is not a major factor to affect fibroblast growth. More importantly, a 2:1 CS/PEO-NPs sample with PDGF-BB loaded nanoparticles exhibited significantly faster cell growth (140.9 ± 0.8% for day 5 and 156.8 ± 6.6% for day 7) compared to tissue culture plate control and scaffolds without growth factors. Growth factors have been shown to promote fibroblast growth by other studies [39] . Compared to free PDGF-BB added into the growth media, the average cell number on the 2:1 CS/ PEO-NPs sample was higher, especially for days 5 and 7. It was ascribed to the larger surface areas provided by the nanofibers, while HDFa cells could grow confluent and thus may stop growing on the TCP. However, no statistically significant difference was observed for fibroblast proliferation with free PDGF-BB or released PDGF-BB, suggesting that the released PDGF-BB preserved its bioactivity. These findings indicated that nanofibrous meshes are cytocompatible and able to provide sustained releases of bioactive growth factors to support dermal fibroblast growth in vitro.
Anti-bacterial property
Bacterial optical density was performed to assess the antibacterial activity of our scaffolds. Two types of bacteria, E. coli and S. aureus, were chosen. Existing literature has already revealed that chitosan exhibits anti-bacterial behavior [26] . As displayed in Fig. 5 , bacteria suspension and PEO only nanofibers showed continuous expansion of both E. coli and S. aureus. With the incorporation of chitosan in the system, the CS/PEO scaffolds cultured with E. coli were shown to have their antibacterial effect by 10 h of culture. Similarly, the same trend was observed when S. aureus bacteria grew until the 8 h of culturing, where the scaffold exhibited bacterial inhibiting activity. Penicillin/streptomycin as a positive control was shown to kill all bacteria in solution. The higher amount of CS in 2:1 CS/PEO did have a significantly higher antibacterial effect compared to 1:1 CS/PEO. Thus, CS/PEO composite nanofibers could reduce bacterial growth, leading to the potential inhibition of infection.
In vivo wound healing evaluation
To evaluate the in vivo performance of our dual growth factorreleasing meshes, full thickness skin wounds were created on the back of rats. The gross appearance of each wound was observed after 1, 2, and 4 weeks of treatment (Fig. 6 ). Electrospun 2:1 CS/ PEO nanofiber scaffolds without any growth factor and 2:1 CS/ PEO-NPs with VEGF in fibers and PDGF-BB in PLGA nanoparticles were placed and adhered on the wound site easily. Compared to commercial Hyrofera Blue, which requires biological adhesives to get fixed on the wound site, our composite meshes are much easier to attach on wounds. Since PEO is a water-soluble polymer, all electrospun meshes helped the wound stay hydrated, and after $4 h, they became invisible. The rate of wound closure as a function of time is shown in Fig. 6B , wound area for 2:1 CS/PEO-NPs samples with growth factors is significantly smaller than those of other samples at week 1 and 2 (p < 0.05), while 2:1 CS/PEO without growth factors is almost the same as open wound control. It is also noticed that at week 1, Hydrofera Blue had a slightly increased wound size due to the extensive scar formation. After 4 weeks of treatment, all wounds are closed; however, 2:1 CS/PEO-NPs exhibited the smallest scar formation and more hair coverage due to the faster healing process.
The representative macroscopic observations of each wound at 1, 2 and 4 weeks after implantation are shown in Fig. 6A . Throughout the healing process, no infection was observed for all samples. At week 1 of treatment, more granulation and regenerated epidermis were observed for 2:1 CS/PEO-NPs, as confirmed later by histological analysis. Starting from week 1 to week 4, the dual growth factor-releasing composite scaffold did show faster contraction compared to the open wound control and other samples, indicating the effect of the fibrous scaffold and the delivery of PDGF-BB for promoting ECM production. Wound contraction can make the re-epithelialization easier [2] . At week 2 of treatment (Fig. 6A) , scab fell off from the skin wound for all samples. Again, 2:1 CS/PEO-NPs samples exhibited a faster healing with more regenerated skin and more hair growth. Hydrofera Blue treatment gave the slowest healing rate, probably due to the slow absorption of the material, which is polyvinyl alcohol (PVA). After 4 weeks of treatment (Fig. 6A) , all wounds appeared to be closed. Scab was observed on Hydrofera Blue samples only, whereas the wound treated with our VEGF and PDGF-BB releasing fiber meshes obtained almost complete remodeling and hair coverage. Traditionally, increasing growth factor activity could lead to scar formation [40, 41] . However, no scar formation was observed in our study, possibly due to the well-controlled release of GFs.
Histological analysis of the wound site
To assess the efficacy of nanofibrous composites in vivo, H&E (Fig. 7) and Masson's Trichrome (Fig. 8 ) staining were performed on sectioned tissue samples of the wound site. Fig. 7A shows H&E staining of the wound sites at 1 and 2 weeks of treatment. Longer epithelial tongues were also observed on 2:1 CS/PEO-NPs samples, suggesting our GF releasing meshes helped facilitate the epithelium regeneration in the short term (Fig. 7B) . At 1 week, significantly more newly formed capillaries were shown for 2:1 CS/ PEO-NPs within the wound site compared to open wound (p < 0.01), and scaffold without GFs (Fig. 7C) . This is expected due to the fast release of VEGF, which had been proven capable of promoting angiogenesis [19, 42] . After 2 weeks of treatment, full coverage of new epithelium was identified for all samples except the Hydrofera Blue. Fast creeping of epithelium is also another indicator of faster skin healing post-wounding [43] . In addition, granulation tissue appeared slightly thicker for 2:1 CS/PEO-NPs compared to the Hydrofera Blue and open wound for the 1 week time point (Fig. 7D) ; however, no significant difference was observed (p > 0.05). The thicker granulation tissue was probably formed by the inflammatory response to CS/PEO fibers and PLGA nanoparticles. The commercialized Hydrofera Blue sample showed a less uniform healing response as observing the scaffold material present at the wound bed. At week 2 of treatment, more capillaries also presented for 2:1 CS/PEO-NPs (Fig. 7C) . With a complete closure of epithelium, fast clearance of PEO and sustained releasing PDGF-BB, the granulation tissue thickness for 2:1 CS/PEO-NPs at week 2 is significantly reduced compared to that of week 1 and open wound control (p < 0.01), suggesting a transition from Phase I (inflammation) to Phase II (proliferation) of the healing process (Fig. 7D) . It is also clear that some of the inflammatory cells were replaced by fibroblasts. Since control and Hydrofera Blue still exhibited thicker layers of granulation, they fell behind our GF releasing nanofibers in terms of the healing process.
Masson's Trichrome staining (Fig. 8 ) was performed to assess the collagen deposition (blue) in the wound site. 2:1 CS/PEO showed a significantly (p < 0.05) higher amount of collagen deposition followed by the Hydrofera Blue at 2 weeks of treatment (Fig. 8B) . A higher amount of myofibroblast formation at the wound site was identified in the 2:1 CS/PEO-NPs scaffold compared to that of the open wound. Compared to open wound control and nanofibers without GFs, more mature collagen fibers were also observed for 2:1 CS/PEO-NPs sample with less inflammatory cell presence, which is consistent with H&E staining results. More collagen tissue could help in the reconstruction of ECM and further support skin tissue growth [44] . However, after 4 weeks of treatment (Fig. 8C) , our GFs releasing nanofibers gave the lowest collagen content at the wound area, and this might be due to more mature collagen formation and more hair follicles regenerated. This morphology indicates that a remodeling phase was already reached for 2:1 CS/PEO-NPs at 4 weeks, while other samples still remained at the tissue regeneration phase with more collagen synthesized and some remaining infiltrated inflammatory cells. It is clear that ECM similar to normal skin was already formed for 2:1 CS/PEO-NPs and the wound area was in transition to regain normal skin functionalities [45] . Indeed, with the help of fast releasing VEGF and slow releasing PDGF-BB, the healing process was promoted by our nanoparticle/nanofiber complex. Compared to traditional growth factor therapy [46, 47] , our nanofiber/nanoparticles complex provide not only a synergistic delivery of growth factors, but also an ECM mimicry and anti-infection fibrous structure to support the healing process. Thus, our novel composite material could be a promising candidate for ideal wound healing applications as an ''all-in-one'' set-up.
Conclusions
A biomimetic nanofibrous scaffold containing nanoparticles was successfully developed with the functionality to release two different growth factors in a relayed manner (fast and sustained release at various phases). The nanofibrous mesh was able to promote fibroblast growth and inhibit bacteria in vitro. With designed quick releasing of VEGF and slow expelling of PDGF-BB, an accelerated wound healing was achieved on a full thickness rat skin wound model. VEGF helped angiogenesis in an early stage of the healing process, while PDGF-BB improved the epithelium regeneration, collagen deposition and functional tissue remodeling. Thus, our dual growth factor releasing device has promising potential in the treatment of chronic complex wounds, for example, diabetic ulcers, in the future.
